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Th e  h y d rol y s is  con s t an t s  an d  t h e  s ol u b il it y  prod u ct s  of  t h e  ox id e /h y d rox id e s  of  Pa(IV ) an d  
Pa(V ) h av e  b e e n  f irs t  re v ie w e d  an d  re -e v al u at e d  t h rou gh  t h e  appl icat ion  of  t h re e  com parat iv e  
m e t h od s  : t h e  s im pl e  Hard  S ph e re  E l e ct ros t at ic m od e l  (HS E ),  t h e  B row n  an d  Wan n e r Th e ory  
(B WT) an d  t h e  C orre l at ion  b e t w e e n  S ol u b il it y  an d  C om pl e x  s t ab il it y  con s t an t s  of  a m e t al  ion  
(C S C ). Th e  l at t e r m e t h od  is  t h e  m os t  e m pirical  on e ,  b u t  it  giv e s  coh e re n t  re s u l t s ,  in  agre e m e n t  
w it h  t h e  f e w  pu b l is h e d  e x pe rim e n t al  v al u e s ,  f or al l  t h e  pos s ib l e  aq u a s pe cie s  of  prot act in iu m  
(Pa4+ ,  Pa5+ ,  PaO2+ an d  PaO3+). Th e  s e l e ct e d  t h e rm od y n am ic d at a h av e  t h e n  b e e n  u s e d  t o 
pre d ict  t h e  prot act in iu m  s ol u b il it y  in  n on  com pl e x in g m e d ia of  v ariou s  pH an d  re d ox  
pot e n t ial .  
 
K E Y  W O RD S  
 
Prot act in iu m ,  s ol u b il it y ,  ox id e s ,  h y d rox id e s ,  h y d rol y s is ,  corre l at ion s ,  m od e l s .  
 
I  -  I N TRO D UCTI O N  
 
V e ry  f e w  e x pe rim e n t al  s t u d ie s  d e al  w it h  t h e  s ol u b il it y  of  t h e  ox id e s  an d  h y d rox id e s  of  
prot act in iu m ,  b ot h  f or Pa(IV ) an d  Pa(V ).  
C on ce rn in g Pa(V ),  t h e  on l y  on e  v al u e  of  s ol u b il it y  prod u ct  (Ks) av ail ab l e  in  t h e  
l it e rat u re  is  b as e d  on  t h e  v e ry  ol d  w ork of  S t arik [ 1]. A s s u m in g t h at  t h e  e q u il ib riu m  t o b e  
con s id e re d  at  a pH v al u e  of  5 in v ol v e s  Pa(OH)5 f or t h e  s ol id  ph as e  an d   Pa5+ f or t h e  s ol u b l e  
s pe cie s  in  s ol u t ion  (it s  com pos it ion  is  n ot  d e f in e d ),  a Ks v al u e  of  10-55 at  z e ro ion ic s t re n gt h  is  
propos e d  (e q u il ib riu m  Pa5+  +   5OH+    Pa(OH)5). Th is  v al u e ,  re -cal cu l at e d  f or t h e  m os t  
prob ab l e  s y s t e m   PaO(OH)3/ PaO3+  (PaO3+ +  3OH+    PaO(OH)3),  b e com e s  10-34 an d ,  f or 
t h e  s y s t e m   PaO2(OH )/ PaO23+  (PaO23+ +  OH+   PaO2(OH)),  arou n d  10-20 . A b ou t  t h e  l at t e r 
s y s t e m ,  M u x art  an d  G u il l au m on t  [ 2 ] h av e  propos e d  a l im it  v al u e  of  arou n d  10-16 ,  w h ich  is  t h e  
v al u e  giv e n  in  t h e  col l e ct ion s  of  e q u il ib riu m  con s t an t s  [ 3,  4] an d  in  t h e  b ook of  B ae s  an d  
M e s m e r [ 5].  
Th e  s ol u b il it y  prod u ct  ob t ain e d  f or Pa(IV ) b y  M u x art  an d  G u il l au m on t  [ 2 ] is  10-53, 4  at  
z e ro ion ic s t re n gt h  an d  corre s pon d s  t o t h e  s y s t e m  Pa(OH)4/(Pa4+  (e q u il ib riu m  Pa4+  +   4OH+  
 Pa(OH)4).  How e v e r t h is  v al u e  s h ou l d  b e  t ake n  w it h  cau t ion ,  ow in g t o t h e  d if f icu l t ie s  
e n cou n t e re d  d u rin g t h e  e x pe rim e n t s  d u e  t o t h e  s t ron g t e n d e n cy  of  prot act in iu m (IV ) t o 
pol y m e riz e  an d  t o b e  s orb e d .  
M ore ov e r,  t h e  re d ox  pot e n t ial  of  t h e  s y s t e m  Pa(V )/Pa(IV ) h as  b e e n  re ce n t l y  re v is e d  b y  
G u il l au m on t  et al. [ 6]. Th e  on l y  re l iab l e  d at a are  s u ppl ie d  b y  B rat s h  [ 7 ] an d   M ors s  [ 8 ]. Th e  
s t an d ard  pot e n t ial  of  t h e  e q u il ib riu m  PaO(OH)2+  +   e -  +   3H+    Pa4+  +   2 H2O is  t h u s  giv e n  
e q u al  t o -0, 1 V /S HE .  
B e cau s e  of  t h is  l ack of  e x pe rim e n t al  d at a,  t h e  u s e  of  pre d ict iv e  m od e l s  appe ars  as  a 
n e ce s s it y ,  w h ich  s h ou l d  h av e  a d ou b l e  ob j e ct iv e : t o j u d ge  t h e  av ail ab il it y  of  pu b l is h e d  d at a 
an d  t o f il l  t h e  gaps . On l y  s e m i-e m pirical  m e t h od s  can  re al l y  b e  appl ie d . Th e y  are  ge n e ral l y  
b as e d  on  a com paris on  of  t h e rm od y n am ic prope rt ie s  of  s im il ar e l e m e n t s  in  con n e ct ion ,  m os t  
of t e n ,  w it h  t h e  b on d  e n e rgy  of  t h e  l igan d . Th is  kin d  of  approach  h as  al re ad y  b e e n  u s e d  in  
ord e r t o in t e rpol at e  s t e pw is e  con s t an t s  or t o e x t rapol at e  con s t an t s  f rom  a kn ow n  t o an  
u n kn ow n  s y s t e m  ([ 9 ],  re f . 2 -8  cit e d  in   [ 10], [ 11]). Th e  f ol l ow in g m od e l s  can  b e  d is t in gu is h e d : 
- t h e  s im pl e  h ard  s ph e re  e l e ct ros t at ic m od e l  (HS E ),  w h ich  can  b e  u s e f u l  f or s om e  
re s t rict e d  appl icat ion s  an d  in  t h e  cas e  of  v e ry  s im il ar ion s  [ 12 ].  
- t h e  u n if ie d  t h e ory  of  m e t al  ion  com pl e x  f orm at ion  d e v e l ope d  b y  B row n  an d  Wan n e r 
[ 13] (B WT),  w h ich  com pl e t e s  t h e  e l e ct ros t at ic in t e ract ion  b y  t akin g in t o accou n t  s t ru ct u ral  
as pe ct s  of  t h e  ou t e rm os t  s h e l l . How e v e r,  t h e  ch oice  of  s om e  param e t e rs  t o b e  in t rod u ce d  
(ion ic rad ii) or con s id e re d  (coord in at ion  n u m b e r,  e l e ct ron ic s t ru ct u re  of  t h e  cat ion ) can  pos e  a 
prob l e m .  
- t h e  proce d u re  b as e d  on  t h e  f act  t h at ,  f or a giv e n  l igan d ,  s ol u b il it y  an d  com pl e x  
f orm at ion  of  a m e t al  ion  are  of t e n  corre l at e d . U n ce rt ain t y  or s u b j e ct iv it y  of  ch oos in g s om e  
param e t e rs  of  t h e  s y s t e m  (as  m e n t ion e d  ab ov e  f or B row n  m od e l ) as  w e l l  as  t oo l arge  
s im pl if icat ion s  (e l e ct ros t at ic m od e l ) are  t h u s  e l im in at e d . B u t  t h e  kn ow l e d ge  of  on e  good  v al u e  
is  n e ce s s ary  t o e s t im at e  t h e  s e con d  on e .  
Th e  t h re e  m e t h od s  h av e  b e e n  appl ie d  in  ord e r t o h av e  a crit ical  v ie w  of  h y d rol y s is   
an d  s ol u b il it y  of  Pa(IV ) an d  Pa(V ). F rom  t h e  s e l e ct e d  d at a,  s ol u b il it y  cu rv e s  in  n on  
com pl e x in g m e d ia can  b e  pl ot t e d .  
 
I I  - M O D E L S AN D  F I TTI N G  P RO CE D URE   
 
I I -1 :  E l e c t r o s t a t i c  m o d e l  (H SE )  
In  t h is  m e t h od ,  t h e  ce n t ral  at om  an d  l igan d s  are  con s id e re d  as  h ard  s ph e re s  h av in g 
e l e ct ric ch arge s  in t e ract in g on l y  b y  C ou l om b  in t e ract ion s . S ol v at ion  an d  e n t ropic e f f e ct  are  
n e gl e ct e d  in  t h is  s im pl e  m od e l . It  h as  al re ad y  b e e n  u s e d  t o pre d ict  con s t an t s  f or h y d rol y s is  
an d  carb on at e  com pl e x at ion  of  t ran s u ran iu m  e l e m e n t s  [ 12 ]. It  h as  b e e n  appl ie d  as  f ol l ow s  :  
S in ce  R T L n  β° =  ∆E  =  1/ε (ΣZi1Zj1/rij1  - ΣZi2Zj2/rij2)   (1),   
s t at e  1 re f e rrin g t o t h e  aq u a ion  an d  s t at e  2  t o t h e  com pl e x  u n d e r con s id e rat ion ,   
w e  can  w rit e ,  b y  s e t t in g Q  =  (ΣZi1Zj1/rij1  - ΣZi2Zj2/rij2)   (2 ),   
l og β° =  Q /K         (3) 
In  t h e  ab ov e  e q u at ion s ,  R  d e n ot e s  t h e  gas  con s t an t ,  T t h e  ab s ol u t e  t e m pe rat u re ,  E  t h e  
e l e ct ros t at ic pot e n t ial  e n e rgy ,  ε t h e  d ie l e ct ric con s t an t ,  Zi an d  Zj t h e  e l e ct ric ch arge s  of  t h e  
h ard  s ph e re s  i an d  j ,  re s pe ct iv e l y ,  an d  rij t h e  d is t an ce  b e t w e e n  t h e  h ard  s ph e re s  i an d  j . Th e  
d is t an ce s  w e re  ob t ain e d  f rom  ion ic rad ii an d  s pace  con f igu rat ion .  
C on s t an t  K h as  b e e n  e v al u at e d  f rom  kn ow n  s t ab il it y  con s t an t s ,  con ce rn in g N p,  Pu ,  Pa,  
U ,  C e ,  Hf ,  Th ,  Ti,  S n  an d  Zr,   f or t h e  t e t rav al e n t  ion s ,  an d  Pa,  Pu ,  N p,  V  an d   N b  f or t h e   
M O2+ ion s  (ox id at ion  d e gre e  5) f or w h ich  in pu t  d at a w e re  av ail ab l e . 
X  v al u e s  h av e  b e e n  cal cu l at e d  f or an  oct ah e d ral  ge om e t ry . Th e  ion ic rad ii at  t h e  
coord in at ion  6 com e  f rom  t h e  w ork of  S h an n on  [ 14]. H2O is  con s id e re d  as  a ch arge d  l igan d  
b e cau s e  of  t h e  d ipol ar in t e ract ion  an d  t h e  d at a in v ol v in g H2O,  OH- an d  O2- are  t h os e  
m e n t ion e d  in  [ 12 ].  
Th e  l im it  v al u e s  of  t h e  s t ab il it y  con s t an t s  are  e x t ract e d  f rom  t h e  Kot rl y  col l e ct ion  [ 3] 
an d  corre s pon d ,  f or m os t  of  t h e m ,  t o t h e  d at a col l e ct e d  b y  B row n  an d  Wan n e r [ 13]. Th e  
s ol u b il it y  prod u ct s  of  t h e  h y d rox o com pou n d s  h av e  b e e n  t re at e d  as  h y d rol y s is  con s t an t s . In  
f act ,  t h e  m e t h od  con s is t s  in  corre l at in g s t ab il it y  con s t an t s  t o in t e rat om ic d is t an ce s  t h rou gh  
C ou l om b  L aw . Th is  d oe s  n ot  m e an  t h at  e l e ct ros t at ics  is  e n ou gh  f or a n arrow  pre d ict ion  of  
e q u il ib riu m  con s t an t s ,  b u t  t h e re  is  s om e  ch an ce  t o d e riv e  corre ct  d at a in  a grou p of  s im il ar 
ion s  or b y  u s in g ad d it ion al  param e t e rs  in  t h e  e m pirical  f orm u l a.  
 
I I -2  :  Br o w n -W a n n e r  Th e o r y  (BW T)  
Th e  m e t h od  d e v e l ope d  b y  B row n  an d  Wan n e r re l at e s  t h e  s t ab il it y  con s t an t s  of  
h y d rox o com pl e x e s  [ 10] or ot h e r com pl e x e s  [ 13] t o s om e  param e t e rs  of  t h e  ce n t ral  at om  an d  
l igan d s ,  w h ich  are  in  t u rn  re l at e d  t o t h e  b on d  e n e rgy  (e s s e n t ial l y  e l e ct ros t at ic w it h  s om e  
as pe ct s  of  t h e  ou t e rm os t  s h e l l  t ake n  in t o accou n t ). Th is  m e t h od  com pris e s  al s o s om e  w e ak 
poin t s . F or e x am pl e ,  t h e  in t e ract ion  w it h  t h e  f irs t  l igan d  is  as s u m e d  id e n t ical  t o t h e  
in t e ract ion s  w it h  h igh e r ord e r l igan d s ,  w it h ou t  m u t u al  in t e rf e re n ce . Th e  e l e ct ros t at ic re pu l s ion  
con t rib u t ion  is  q u al it at iv e l y  in cl u d e d  in  B WT on l y  as  a s t at is t ical  ph e n om e n on  t h rou gh  t h e  
B j e rru m  rat ios  of  con s e cu t iv e  f orm at ion  con s t an t s .  
How e v e r,  B row n -Wan n e r m e t h od  can  b e  u s e f u l  n ot  as  «  u n if ie d  t h e ory  »  b u t  
s e parat e l y  in  are a of  d is t in ct  n u m b e r of  l igan d s .  
F or m on om e r com pl e x e s ,  l og βi v arie s  l in e arl y  w it h  param e t e r (X ) d e pe n d in g on  t h e  
ch arge  an d  t h e  rad iu s  of  t h e  ce n t ral  ion ,  an d  on  f u n ct ion s  d e f in e d  b y  t h e  s t ru ct u re  of  t h e  
e l e ct ron  s h e l l  of  t h e  ion .  M ore  d e t ail s  can  b e  f ou n d  in  t h e  origin al  s ou rce s  [ 13].  
In  ord e r t o t e s t  t h e  m e t h od ,  w e  h av e  f irs t  pl ot t e d  t h e  d at a re port e d  b y  B row n  an d  
Wan n e r on  h y d rol y s is ,  as  a f u n ct ion  of  t h e  corre s pon d in g e x pe rim e n t al  d at a propos e d  in  t h e  
l it e rat u re  (s ou rce s  : [ 3 – 5,  14 -16],  [ 17 ] f or A m  an d  [ 18 ] f or N p). Th e  B WT w orks  w e l l  f or 
β1 ,  e x ce pt  in  t h e  cas e  of  t e t rav al e n t  e l e m e n t s  an d  PaO2+ ,  al s o f or β2 an d  β3 b u t  d at a are  l e s s  
n u m e rou s . F or β4 t h e  n u m b e r of  e x am in e d  d at a is  t oo l ow .   
In  ord e r t o im prov e  t h e  f it t in g w e  h av e  re -d e t e rm in e d  t h e  X -param e t e r v al u e . D at a 
u s e d  in  t h is  aim  are  col l e ct e d  in  Tab l e  1. Th e y  h av e  b e e n  s e l e ct e d  in  s u ch  ord e r t h at  t h e  b e s t  
l in e arit y   is  ob t ain e d  f or t h e  l og βi  v e rs u s  X  v ariat ion s . Ion ic rad ii d at a are ,  f or m os t  of  t h e m ,  
t h e  v al u e s  propos e d  b y  S h an n on  [ 19 ]. Th e y  are  com pl e t e d  or re pl ace d   b y  d at a f ou n d  in  [ 2 0],  
[ 2 1] an d  [ 2 2 ]. Wh e n  t h e y  e x is t ,  s t ab il it y  con s t an t s  are  ch os e n  al re ad y  e x t rapol at e d  t o z e ro 
ion ic s t re n gt h  an d ,  if  pos s ib l e ,  w it h  a Ks v al u e  as s ociat e d  t o t h e m  (re f e re n ce s  [ 3,  4,  5,  14,  16],  
u n l e s s  s pe cif ie d ). In  s om e  cas e s ,  S pe cif ic In t e ract ion  Th e ory  (S IT) [ 2 3,  2 5] h as  b e e n  u s e d  t o 
e x t rapol at e  t h e  con s t an t  t o in f in it e  d il u t ion . Th e  e q u il ib riu m  con s t an t s  f rom  re v ie w s  w e re  u s e d  
on l y  w h e n  t h e y  origin at e d  f rom  a re al  d e t e rm in at ion ,  an d  n ot  f rom  an y  e s t im at ion .  
 
I I -3  :  Co r r e l a t i o n  w i t h  h y d r o l y s i s  (CSC)  
A  l in e ar corre l at ion  can  b e  e x pe ct e d  b e t w e e n  l og Ks an d  l og βn ,  an d  t h e  v al u e  Ks can  
b e  d e d u ce d  f rom  βn an d  con v e rs e l y . We  appl ie d  t h e  corre l at ion  e it h e r t o a grou p of  ion s  
pre s e n t in g t h e  s am e  ch arge  z  or t o t h e  s am e  n u m b e r of  b on d s  –l og K1 v s  l og Ks / z  an d  s o on .  
How e v e r,  t h e  f irs t  approach  w il l  b e  s h ow n  t o giv e  good  re s u l t s  on l y  f or n  =  z  an d  t h e  
s e con d  approach  is  n ot  q u it e  corre ct  b e cau s e  re pu l s ion  f orce s  d e pe n d  on  z  an d ,  con s e q u e n t l y ,  
an  av e rage  v al u e  ob t ain e d   b y  d iv id in g b y  z  can  on l y  b e  an  approx im at ion . Th is  h as  b e e n  
e m pirical l y  corre ct e d  in  t h e  pre s e n t  w ork b y  ad opt in g t h e  f ol l ow in g l in e ar corre l at ion  :  
-l og Ks v s .  q i (z  / i) l og βi 
i d e n ot in g t h e  n u m b e r of  b on d s  an d  q i an  e m pirical  f act or w h ich  origin at e s  f rom  t h e  rat io 
b e t w e e n  t w o con s e cu t iv e  s t e ps  of  t h e  com pl e x  f orm at ion . Th u s  t h e  ov e ral l  v al u e s  of  β can  b e  
u s e d  in  on e  com m on  corre l at ion . How e v e r,  as  β1 is  t h e  con s t an t  m e as u re d  w it h  t h e  h igh e s t  
pre cis ion  an d  f or t h e  h igh e s t  n u m b e r of  ion s ,  it  is  appropriat e  t o t e s t  f irs t  t h e  l in e ar corre l at ion   
-(1/z ) l og Ks  v s .  l og β1.   
A  f u rt h e r d e v e l opm e n t  of  t h e  corre l at ion  Ks/β w il l  con s is t  of  grou pin g ion s  accord in g 
t o t h e ir s t ru ct u ral  param e t e rs ,  w it h  u s e  of  m ore  d e f in e d  q i v al u e s ,  or of  l ookin g f or t h e  
in f l u e n ce  of  t h e  s ol id  l at t ice  s t ru ct u re  in  ord e r t o im port  s om e  corre ct ion s  on  t h is  b as e .  
 
I I I  - RE SUL TS  
 
I I I -1 :  H SE  
C as e  of  t e t rav al e n t  s pe cie s  
E x ce pt  f or t it an iu m ,  t h e  HS E  m e t h od  giv e s  good  re s u l t s ,  s pe cial l y  f or t h e  t w o f irs t  h y d rol y s is  
con s t an t s  (t h e  con s t an t  K in  e q . 3 is  d e f in e d  w it h  an  u n ce rt ain t y  of  5 %  f or l og β1 an d  l og β2 ,   
6 %  f or l og β3 an d  l og Ks ,  6.5 %  f or l og β4). In  t h e  cas e  of  Pa,  t h e  v al u e  of  cal cu l at e d  l og Ks is  
e q u al  t o –52 .8 8 ,  w h ich  is  t o b e  com pare d  w it h  t h e  e x pe rim e n t al  v al u e  of  –53.4. E v e n  if  
im prov e m e n t s  are  s t il l  pos s ib l e  (n e w  e x pe rim e n t al  d at a can  b e  in t rod u ce d ,  con ce rn in g,  f or 
e x am pl e ,  l e ad ),  t h e  HS E  m e t h od  t e n d s  t o prov id e  Ks v al u e s  v e ry  cl os e  f or al l  t h e  e l e m e n t s  
u n d e r con s id e rat ion  (-l og Ks is  ran gin g b e t w e e n  51.9 8  an d  54.7 9 ). M ore ov e r,  n o pre d ict ion  
can  b e  at t e m pt e d  f or t h e  ox o-ion s  M O2+ d u e  t o t h e  l ack of  e x pe rim e n t al  d at a corre s pon d in g t o 
t h is  kin d  of  ion s .  
 
C as e  of  pe n t av al e n t  s pe cie s  (M O2+):  
E v e n  in  t h e  cas e  of  β1 ,  w h ich  is  a con s t an t  kn ow n  f or al l  t h e  e l e m e n t s  u n d e r 
con s id e rat ion  (Pa,  Pu ,  N p,  V  an d  N b ),  t h e  K v al u e s  are  t oo s cat t e re d  t o al l ow  pre d ict iv e  
cal cu l at ion s . A  com paris on  l im it e d  t o v an ad iu m  on l y ,  l e ad s  t o cal cu l at e  a  
-l og Ks v al u e  e q u al  t o 11.9 6 as  w e l l  as  t h e  v al u e s  of  t h e  f ol l ow in g con s t an t s : 
 l og β1 =  9 .59 ,  l og β2 =  18 .56.  
Th e  l og β1 an d  l og Ks v al u e s  of  Pu (V ) an d  N p(V ) are  al s o kn ow n ,  b u t  com pl e t e l y  
in con s is t e n t  w it h  t h os e  of  v an ad iu m  (an d  n iob iu m ). If  t ake n  as  a s e parat e  grou p of  act in id e s ,  
t h e y  giv e  f or prot act in iu m  v al u e s  in com pat ib l e  w it h  e x pe rim e n t al  d at a an d  an ot h e r pre d ict ion s  
(l og β1 =  4.6 an d  l og Ks =  8 .8 ). 
 
I I I -2  :  BW T   
Th e  l in e arit y  of  t h e  cu rv e s  l og βi =  f (X ) an d  l og Κs =  f (X ) (pl ot t e d ,  as  an  e x am pl e ,  in  
F ig. 1) s h ow s  t h at :  
- Th e  B row n -Wan n e r t h e ory  is  w orkin g f or M + ,  M 2+ ,  M 3+ an d  M 4+ ion s  w it h in  
ran ge   ±  1-1.5 f or l og β1 ,  ±  1.5 f or l og β2 ,  ±  2 -3 f or l og β3 ,  ±  5 f or l og β4 an d  
 ±  5 f or l og Κs. U n f ort u n at e l y ,  w e  d id  n ot  s u cce e d  in  appl y in g it  t o ox o ion s .  
- in  t h e  cas e  of  Pa4+ ,  d  an d  f  orb it al s  h av e  b e e n  as s u m e d  t o b e  e q u iv al e n t  (t h is  
l e ad s  t o a l og β1 v al u e  w e l l  pos it ion e d  on  t h e  s t raigh t  l in e  l og β1 v s  X ). Th e  
re s u l t s  are  col l e ct e d  in  Tab l e  2 . 
-  A  s e t  of  con s t an t s  can  al s o b e  d e riv e d  f or Pa5+ (l og β1 =  18 .9 7  / 2 3.09 ,  l og β2 
=  36.53 / 44.46,  l og β3 =  49 .8 8  / 60.7 1,  l og β4 =  60.42  / 7 3.53 an d  l og Κs =  
63.2 3 / 7 6.9 5 f or X =  140.5 (r =  9 1 Å ) / 17 1 (r =  7 8  Å ) re s pe ct iv e l y ) b u t  t h e  
v al u e s  s o-d e t e rm in e d  are  pu re l y  t h e ore t ical  s in ce  Pa(V ) is  e x pe ct e d  t o e x is t  in  
s ol u t ion  on l y  as  an  ox o-ion . B e s id e s  t h e  t h e ore t ical  ch aract e r,  w e  can  n ot e  
t h at : 1) t h e  d is t rib u t ion  of  h y d rol y s e d  s pe cie s  b as e d  on  t h e s e  con s t an t s  s h ow  
t h at  t h e  f irs t  an d  s e con d  s t e ps  of  h y d rol y s is  are  al m os t  com pl e t e  e v e n  if  t h e  
con ce n t rat ion  of  acid  is  1-6 M  (ab ou t  9 0%  as  3+  ion ),  2 +  ion  pre v ail s  at  pH 
2 .5 an d  1+  at  4.4,  e l e ct rical l y  u n ch arge d  s pe cie s  e x is t  at  pH 6 an d  com pl e t e l y  
n e gat iv e  at  pH 9 ;  2 ) t h e s e  con s t an t s  can  s e rv e  al s o as  s ou rce  f or d e riv in g 
s t e pw is e  h y d rol y s is  con s t an t s .  
- It  is  al s o pos s ib l e  t o pre d ict  h y d rol y s is  con s t an t s  of  h igh e r ord e r f rom  t h e  
l in e ar or n on  l in e ar re l at ion s h ips  b e t w e e n  l og βi  an d  i. Th e  re s u l t s  are  as  
f ol l ow s  f or Pa4+: l og β5 =  58 .6 or 55.1 an d  l og β6 =  68 .4 or 62 .8 ;  f or t h e  
“ t h e ore t ical ”  Pa5+:  l og β5 =  7 9 .9  / 9 2 .3 an d  l ogβ6 =  8 8 .5 / 107 .7  (l og β5 =  67 .4 
/ 8 2 .1 an d  l og β6 =  7 3.1 / 8 8 .9  f rom  n on  l in e ar e x t rapol at ion ). Th e s e  d at a are  
u s e f u l  t o j u d ge  t h e  b e h av ior of  Pa(V ) in  b as ic s ol u t ion s .  
- B row n  e t  al  [ 13] d id  n ot  d e s crib e  in  d e t ail s  h ow  t o cal cu l at e  t h e  param e t e r X  
f or ox o ion s ;  t h e  s iz e ,  e f f e ct iv e  ch arge  an d  s t ru ct u re  t o b e  u s e d  are  
q u e s t ion ab l e . 
 
I I I -3  :  CSC 
 
C as e  of  t e t rav al e n t  e l e m e n t s : 
Th e  l og Ks / z  v s  l og βi an d  l og Ks v s  l og βn  v ariat ion s  s h ow  t h at ,  in  t h e  f orm e r cas e ,  a 
re l at iv e l y  good  corre l at ion  is  ob t ain e d  (l e s s  good  t h an  f rom  t h e  B row n -Wan n e r t h e ory  f or t h e  
t w o f irs t  s t e ps ,  b e t t e r f or t h e  f ol l ow in g on e s ) an d ,  in  t h e  l at t e r cas e ,  e x ce l l e n t  an d  com parab l e  
w it h  t h at  of  B row n -Wan n e r (s e e  F ig. 2 ). If  al l  t h e  b on d e d  OH w e re  e q u iv al e n t ,  a s in gl e  
s t raigh t  l in e  w ou l d  b e  e x pe ct e d  f or l og Ks / z  v s  l og βi. In  re al it y ,  t h e  s l ope  is  ob s e rv e d  t o 
d e cre as e  f rom  β1 t o βn.  
We  h av e  u s e d  t h e  graph s  as  f ol l ow s : f irs t ,  t h e   b e s t  m e as u re d  con s t an t  is  ch os e n . If  it  is  
Ks ,  t h e  βi v al u e s  are  t h e n  d ire ct l y  d e riv e d  f rom  t h e  cu rv e s  l og Ks / z  v s  l og βi. If  it  is  β1 (t h e  
m os t  prob ab l e  cas e ),  Ks is  f irs t  d e d u ce d  f rom  t h e  cu rv e  l og Ks or l og Ks / z  v s  l og β1 ,  t h e n  t h e  
h y d rol y s is  con s t an t s  of  h igh e r ord e r are  d e d u ce d  in  t u rn . Th e  re s u l t s  con ce rn in g prot act in iu m  
are  col l e ct e d  in  Tab l e  2 ,  t h e  d at a in it ial l y  ch os e n  f or e s t im at e s  in  giv e n  col u m n  b e in g in  b ol d .  
 
C as e  of  ox o-ion s : 
Ox o-ion s  re pre s e n t  a s pe cial  prob l e m  an d  h av e  t o b e  t re at e d  s e parat e l y  b e cau s e :  
- v e ry  f e w  ion s  are  con ce rn e d  an d  t h e  corre s pon d in g t h e rm od y n am ic d at a are  
s carce .  
- t w o f orm s  h av e  b e e n  as s u m e d  f or Pa(V ): PaO2+ an d /or PaO3+.  
Th e  v ariat ion  l og Ks / z  v s  l og β1 pre s e n t s  a good  l in e arit y  in  t h e  w h ol e  grou p of  ox o ion s ,  b u t  
t h e  v al u e  of  prot act in iu m  (Ks(PaO2OH) =  10-16),  is  t h e  on l y  v al u e  v e ry  d is t an t  f rom  t h e  l in e . 
How e v e r,  t h is  Ks v al u e  giv e n  f or Pa(V ) is ,  as  e x pl ain e d  in  In t rod u ct ion ,  s u b j e ct  t o d is cu s s ion . 
If  t h e  v al u e  of  10-34 is  ch os e n  f or Ks of  PaO(OH)3 ,  l og Ks / z  is  e q u al  t o 11.3,  in  t ot al  
agre e m e n t  w it h  t h e  l in e . Th is  s u pport s  t h e  opin ion  ab ou t  t h e  e x is t e n ce  of  PaO(OH)2+ rat h e r  
t h an  PaO2+. Th is  ph e n om e n on  can  al s o b e  e x pl ain e d  b y  in corre ct  l og Ks  or l og β1 
e x pe rim e n t al  d at a. A n  e x pe rim e n t al  v e rif icat ion  is  re q u ire d .  
S in ce  t h e  v al u e s  of  l og Ks =  -34 an d  l og β1 =  8  can  b e  con s id e re d  as  con s is t e n t  w it h  
ot h e r v al u e s  of  t h is  t y pe ,  t h e  f ol l ow in g d at a h av e  b e e n  d e d u ce d  f rom  t h e  v ariat ion s  l og Ks =  
v s  l og βi ,  w it h  l og Ks =  -34 f or PaO3+ an d  -16 f or PaO2+ as  s t art in g v al u e s : f or PaO3+: l og β1 
=  10.4,  l og β2 =  19 .7 ,  l og β3 =  2 7 ,  l og β4 =  34.5;    f or PaO2+: l og β1 =  10,  l og β2 =  19 .1,  l og β3 
=  2 5. Th e  v al u e s  l og β3 =  2 7  f or PaO3+an d  l og β1 =  10 f or PaO2+ w e re  ob t ain e d  f rom  part ial  
corre l at ion  l og Ks v s  l og βi an d  t h e  ot h e r on e s  f rom  an  ov e ral l  l in e  u s in g appropriat e  q i v al u e s .  
 
I I I -4  :  Sy n t h e s i s  o f  t h e  r e s u l t s  
 
C as e  of  Pa(IV ) 
Ou r pre d ict ion s  con ce rn in g b ot h  t h e  h y d rol y s is  an d  s ol u b il it y  con s t an t s  of  Pa(IV ) are  
col l e ct e d  in  Tab l e  2 . Th e  b e s t  agre e m e n t  w it h  al l  t h e  e x pe rim e n t al  d at a is  ob t ain e d  b y  u s in g 
t h e  HS E  m e t h od  f or t h e  cal cu l at ion s .  
We  can  al s o re m ark t h at  t h e  B row n -Wan n e r m e t h od  giv e s  t h e  cl os e s t  h y d rol y s is  
con s t an t s  com pare d  t o e x pe rim e n t al  d at a,  b u t  t h is  is  n ot  t ru e  f or t h e  s ol u b il it y  prod u ct .  
 
C as e  of  Pa(V )  
A s  s e e n  ab ov e ,  t h e  B row n -Wan n e r t h e ory  can  on l y  b e  appl ie d  t o t h e  «  t h e ore t ical  »  
s y s t e m  Pa5+ - OH- ,  b u t  t h e  d e gre e  of  d e h y d rat ion  of  t h e  s pe cie s  is  q u e s t ion ab l e  an d  s om e  ion ic 
param e t e rs  v e ry  u n ce rt ain . How e v e r,  t h e  con s t an t s  can  b e  u s e d  f or s t e pw is e  e q u il ib ria,  e .g. as   
PaO3+  +   OH-     PaO(OH)2+  w it h  l og K1 =  l og β3* -  l og β2* =  49 .8 8  – 36.53 =  13.35 
or as :  
PaO3+  +   H2O     PaO(OH)2+  +   H+  w it h  l og K h 1 =  l og β3* -  l og β2* – l og Kw =  49 .8 8  – 
36.53 – 14 =  -0.65 
Th e s e  v al u e s  are  v al id  f or an  ion ic rad iu s  r =  9 1 Å ;  t h e  v al u e s  f or r =  7 8  Å  are  16.2 5  an d  
2 .2 5. Th e  d e s ign at ion  βi*  m e an s  i-s t e p of  com pl e x at ion  s t art in g f rom  Pa5+.  
A l s o: 
PaO(OH)2+  +   OH-     PaO(OH)2+  w it h  l og K2 =  l og β4* -  l og β3* =  60.42  – 49 .8 8  =  10.54 
or as :  
PaO(OH)2 +  +   H2O     PaO(OH)2+  +   H+  w it h  l og K h 2 =  l og β4* -  l og β3* – l og Kw =  60.42  
– 49 .8 8  – 14 =  -3.46  
Th e s e  v al u e s  are  v al id  f or an  ion ic rad iu s  r =  9 1 Å ;  t h e  v al u e s  f or r =  7 8  Å  are  12 .8 2   an d  –
1.18 .  
Pre d ict ion s  t h rou gh  t h e  HS E  m e t h od  are  n ot  pos s ib l e  f or PaO3+ ,  b e cau s e  n o ion  of  t h e  
s am e  s t ru ct u re  can  b e  u s e d  as  an al ogu e . Th e  e m pirical  approach ,  w h ich  con s is t s  of  corre l at in g 
s ol u b il it y  an d  h y d rol y s is  con s t an t s ,  giv e s  a Ks v al u e  of   PaO3+ in  agre e m e n t  w it h  t h e  propos e d  
v al u e  of  10-34.   
F or PaO2+ ,  t h e  HS E  m e t h od  is  l im it e d  b y  a com paris on  w it h  v an ad iu m  on l y : t h e  
con s t an t s  s o-ob t ain e d  can  b e  com pare d  t o t h e  e x pe rim e n t al  d at a,  e x ce pt  f or Ks. Th e  
com paris on  w it h  Pu  an d  N p in  t h is  cas e  s u gge s t s  t h at  t h e  m e t h od ,  u s e d  e x pe rim e n t al  d at a or 
e x is t e n ce  of  PaO2+ ion  are  s u s piciou s . C orre l at ion  w it h  h y d rol y s is  l e ad s ,  in  re t u rn ,  t o v al u e s  
s im il ar t o e x pe rim e n t al  d at a,  w it h ou t  ch an gin g Ks.  
M ore ov e r,  it  s h ou l d  b e  n ot e d  t h at  t h e  pre d ict e d  v al u e s  col l e ct e d  in  Tab l e  3 are  
ob t ain e d  on  t h e  b as is  of  d at a kn ow n  w it h  a l arge  u n ce rt ain t y . Th is  is  part icu l arl y  t ru e  f or t h e  
f irs t  h y d rol y s is  con s t an t s . It  is  t h u s  in t e re s t in g t o com pare ,  f or e x am pl e ,  t h e  con s t an t  re ce n t l y  
pu b l is h e d  b y  Tru b e rt  et al. [ 2 4] f or t h e  e q u il ib riu m : PaO(OH)2+  +   H2O     PaO(OH)2+  +   
H+  (l og K h 2 °  =  -1.2 7  ±  0.15) t o t h e  e q u iv al e n t  v al u e  d e d u ce d  f rom : l og β2**  - l og β1** - l og 
Kw =  19 .7  – 10.4 – 14 =  -4.7  (accord in g t o t h e  C S C  m e t h od ,  t h e  d e s ign at ion  βi**  m e an s  i-s t e p 
of  com pl e x at ion  s t art in g f rom  PaO3+). Th e  d if f e re n ce  is  im port an t  (3.4 l og u n it s ),  b u t  f rom  t h e  
B WT m e t h od ,  t w o pos s ib l e  Kh 2 v al u e s  can  b e  d e riv e d ,  d e pe n d in g on  t h e  ion ic rad ii u s e d  f or X . 
Th e  f irs t  on e  is  cl os e r t o t h e  C S C  pre d ict e d  v al u e  an d  t h e  s e con d  on e  is  in  agre e m e n t  w it h  t h e  
v al u e  pu b l is h e d  in  [ 2 4].  
C on s id e rin g n ow  t h e  f ol l ow in g e q u il ib riu m : PaO(OH)2+  +   2  H2O     Pa(OH)5 +   H+  
al s o in v e s t igat e d  t h rou gh  e x t ract ion  e x pe rim e n t s  in  [ 2 4],  t h e  m e as u re d  v al u e  of  l og Kh 3 °  (-
7 .15 ±  0.4) appe ars  n ot  t oo f ar f rom  t h at  d e d u ce d ,  in  t h e  pre s e n t  w ork,  f rom  t h e  C S C  m e t h od  
(-6.7 ) an d  t h e  B WT m e t h od  (-7 .02 ) u s in g a ion ic rad iu s  of  9 1 Å  (t h e  con s t an t  b e com e s  e q u al  
t o –5.43 w it h  a ion ic rad iu s  of  7 8  Å ).  
A t  l as t ,  t h e  f orm at ion  of  a n e gat iv e l y  ch arge d  s pe cie s  w as  poin t e d  ou t  in  b as ic m e d ia 
t h rou gh  d if f u s ion  e x pe rim e n t s : l og Kh 4 =   -9 .03 ± 0.1 at  I =  0.5) [ 2 5] l e ad in g t o t h e  f ol l ow in g 
e s t im at ion  of  l og Kh 4 °  =  -8 .7 8  ± 0.1. Th e  pre d ict e d  v al u e s  at  z e ro ion ic s t re n gt h  corre s pon d in g 
t o t h is  e q u il ib riu m  are  –6.5 f rom  t h e  C S C  m e t h od  an d  –8 .3 / -7 .2  f rom  t h e  B WT m e t h od  w it h  
ion ic rad ii 9 1 Å  / 7 8  Å .  F rom  t h e  ab ov e  com paris on s ,  it  can  b e  con cl u d e d  t h at ,  in  t h e  cas e  of  
Pa(V ),  t h e  v al u e s  ob t ain e d  f rom  t h e  B WT m e t h od  w it h  a ion ic rad iu s  of  9 1 Å  are  con s is t e n t  
w it h  t h e  v al u e s  d e riv e d  f rom  t h e  C S C  m e t h od  an d  al s o w it h  t h e  e x pe rim e n t al  d at a,  e x ce pt  f or 
Kh 2.  
 
I V  - SO L UBI L I TY  I N  N O N  CO M P L E XI N G  M E D I A  
 
F rom  t h e  t h e rm od y n am ic d at a s e l e ct e d  ab ov e  (av e rage  v al u e s  of  Tab l e  2  f or Pa4+ ,  
v al u e s  of  β1 an d  β2 giv e n  in  t h e  2 nd  an d  3r d  l in e s  of  Tab l e  3 f or PaO2+ an d  PaO3+ re s pe ct iv e l y ),  
w e  can  at t e m pt  t o m od e l  Pa s ol u b il it y  in  a n on  com pl e x in g m e d iu m  (I =  0.1),  as s u m in g t h at  
t h e  s pe cie s  t o b e  con s id e re d  are : 
- F or Pa(IV ): Pa4+ ,  Pa(OH)3+ ,  Pa(OH)22+ ,  Pa(OH)3+ ,  Pa(OH)4 ,  w it h  t h e  f ol l ow in g 
e q u il ib riu m   con t rol l in g s ol u b il it y : PaO2 +  2 H2O  Pa4+ +  4OH-.  
- F or Pa(V ) : PaO3+ ,  PaO(OH)2+ ,  PaO2+ ,  PaO2OHa q ,  PaO2(OH)2- ,  w it h   t h e  f ol l ow in g 
d is s ol u t ion  e q u il ib riu m  : Pa2O5 +  H2O  2 PaO2+ +  2 OH-   (l og Ks =  -16) 
an d  re d ox  re act ion : PaO(OH)2+ +  3 H+ +  e -  Pa4+ +  2  H2O  (E °  =  - 0.1 V )  
Th is  con f igu rat ion  appe ars  as  t h e  m os t  prob ab l e ,  d u e  t o t h e  acce pt e d  e q u il ib riu m : 
PaO(OH)2+  PaO2+ +  H+ (Kx con s t an t  giv e n  b y  B ae s  an d  M e s m e r [ 5] an d  corre ct e d  t o z e ro 
ion ic s t re n gt h  : l og Kx °  =   0.09 ). A  s im il ar s e t  of  s pe cie s  of  Pa(V ) can  b e  d e riv e d  w it h ou t  t h e  
l as t  m e n t ion e d  e q u il ib riu m  : PaO3+ ,  PaO(OH)2+ ,  PaO(OH)3+ ,  Pa(OH)4, a q ,  PaO(OH)3-. . 
How e v e r,  t h e  con f igu rat ion  u s e d  in  t h e  pre s e n t  appl icat ion  can  b e  e as il y  m od if ie d  if  
e x pe rim e n t  j u s t if ie s  a ch an ge .  
Pol y n u cl e ar s pe cie s  are  e x pe ct e d  t o pl ay  a rol e  on  t h e  prot act in iu m  s ol u b il it y . 
D e pe n d in g on  t h e  w ay  of  d e t e rm in in g Ks v al u e ,  cal cu l at e d  s ol u b il it y  can  b e  ov e r-e s t im at e d  
(Ks d e riv e d  f rom  t h e  ov e ral l  s ol u b il it y ) or u n d e r-e s t im at e d  (Ks ob t ain e d  b y  m e as u rin g t h e  ion s  
con ce n t rat ion  in  s ol u t ion ). How e v e r,  t h e s e  e f f e ct s  can n ot  b e  q u an t if ie d  an d  h av e  b e e n  
n e gl e ct e d  in  t h e  pre s e n t  w ork.  
S pe cif ic in t e ract ion  t h e ory  h as  b e e n  appl ie d  t o corre ct  t h e  t h e rm od y n am ic con s t an t s  
(ion ic s t re n gt h  ch os e n  e q u al  t o 0.1),  b y  u s in g t h e  coe f f icie n t s  giv e n  in  [ 2 3,  2 5]. A n  E x ce l  
program  h as  b e e n  w rit t e n ,  w h ich  proce e d s  b y  s t e ps  an d  al l ow s  t o pl ot ,  f or giv e n  re d ox  
con d it ion s ,  t h e  s pe ciat ion  d iagram  of  t h e  d if f e re n t  prot act in iu m  s pe cie s  in v ol v e d  as  a f u n ct ion  
of  pH as  w e l l  as  t h e  re s u l t in g s ol u b il it y  cu rv e . Th e  t h re e  d im e n s ion s  graph  giv e n  on  F ig. 3 
s h ow s  h ow  pH an d  re d ox  con d it ion s  can  in f l u e n ce  prot act in iu m  s ol u b il it y . S t ab il it y  of  w at e r 
again s t  re d u ct ion  or ox id at ion  is  d e pe n d e n t  on  pH. Th e  v al id it y  of  t h e  graph  is  re s t rict e d  in  
acid ic s ol u t ion  at  n e gat iv e  pot e n t ial  (e v ol u t ion  of  h y d roge n ) an d  s im il arl y  in  b as ic s ol u t ion  at  
h igh  pos it iv e  pot e n t ial  (f orm at ion  of  ox y ge n ). Th e  s t ab il it y  f ie l d  f or w at e r can  b e  f ou n d  in  
[ 2 6]. 
Th e  f irs t  cal cu l at ion s  re port e d  in  t h e  pre s e n t  w ork s h ow  t h at  prot act in iu m  s ol u b il it y  w ou l d  b e  
rat h e r l ow ,  w it h  prot act in iu m  con ce n t rat ion s  cl os e  t o 10-6 M  in  s ol u t ion s  n e ar n e u t ral it y  an d  
u n d e r ox id iz in g con d it ion s .  
V  - CO M P ARI SO N  W I TH  ACTI N I D E S(I V )  AN D  (V )   
 
B e s id e s ,  it  is  al s o in t e re s t in g t o com pare  t h e  re s u l t s  of  ou r cal cu l at ion s :  
- t o t h e  d at a propos e d  in  19 8 2  b y  A l l ard  [ 2 7 ] (av e rage s  an d  prob ab l e  l im it s ) f or 
act in id e s  (e x ce pt  Pa):  
 A n 4+ : l og β1 =  13.5 (12 .5 - 13.8 );   l og β2 =  2 5.5;  l og β3 =  36.0 ;  l og β4 =  45.5;  l og β5 
=  50;  l og β2. 2 =  2 7  an d  – l og Ks (A n O2) =  54 (47 -64) 
A n O2+ : l og β1 =  4.6 (4.0 - 5.1) ;  - l og Ks (A n O2OH) =  8 .8  (8 .5-9 .3) 
- t o t h os e ,  re port e d  on  Tab l e  4,   al re ad y  pre d ict e d  f or t e t rav al e n t  act in id e s .  
Th e  l og Ks v al u e  ob t ain e d  in  t h e  pre s e n t  w ork f or Pa4+ ,  52 .9 ,   b y  u s in g t h e  HS E  m od e l ,  
is  com pris e d  in  t h e  e x pe ct e d  in t e rv al . S u ch  com paris on  is  on l y  con d it ion al  in  t h e  cas e  of  
Pa(V ). Th e  m ore  acce pt e d  s t art in g aq u a s pe cie s  is  PaO3+ ,  n ot  com parab l e  t o ot h e r act in id e s .  
PaO2OH appe ars  t o b e  m u ch  m ore  in s ol u b l e  as  com pare d  t o t h e  ot h e r A n O2OH com pou n d s . 
Th is  can  b e  e x pl ain e d  as  an  e x pe rim e n t al  e rror in  t h e  m e as u re d  s ol u b il it y  or as  a m is t ake  in  
t h e  ch e m ical  d e s cript ion  of  t h e  con s id e re d  s y s t e m ,  i.e . e q u il ib riu m   con t rol l in g s ol u b il it y  
w h ich  cou l d  b e  Pa2O5 +  H2O  2 PaO3+ +  6OH-. F u rt h e r d e cis ion  m u s t  b e  m ad e  on  t h e  b as is  
of  e x pe rim e n t . 
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F I G URE  CAP TI O N S  
 
F ig. 1 :  S ol u b il it y  prod u ct  (Ks)  t re at e d   b y  appl y in g  t h e  B row n  – Wan n e r t h e ory  f or 
h y d rol y s is ,  pl ot t e d  as  a f u n ct ion  of  t h e  param e t e r X .  
 
 
F ig. 2  :  l og βn v e rs u s  l og Ks ;  gre y  s q u are s  corre s pon d  t o in t e rpol at e d  v al u e s  f or t h e   
e l e m e n t s  Ti,  Pa,  Zr,  Th ,  Hf ,  Pu ,  U ,  N p,  C e . 
 
F ig. 3 :  C al cu l at e d  s ol u b il it y  of  prot act in iu m  as  a f u n ct ion  of  pH an d  re d ox  con d it ion s .  





T ab le 1  :  D ata s elec ted  f o r  th e ap p li c ati o n  o f  th e B r o w n -W an n er  th eo r y .  
βi corre s pon d in g t o t h e  e q u il ib riu m : M n+ +  i OH-  M (OH)i( n-i) +  
Ks corre s pon d in g t o t h e  e q u il ib riu m : {M (OH)n } s   [ M n+]  [ OH-]n  
 
-L o gK s 
 
 
l o gβ1 
 
 
l o gβ2 
 
 
l o gβ3 
 
 
l o gβ4 
 
 
Re f e r e n c e  
 
 






7 .7 1 2 .3 3.6 4.8    A g(I) 19 .37   
32 .3 9 .01 18 .7  2 7 .0 33.0  A l (III) 7 0  
2 7 .5 7 .6 13.9  16.3 18 .9  [ 2 8 ] ;  [ 12 ] A m (III) 51.56  
47 .5 15.5 2 9 .0 42 .0 44.2   A u (III)   
3.6 0.6     B a(II) 8 .39   
2 1.0 8 .6 14.4 18 .8  18 .6  B e (II) 65.31  
38 .53 12 .9  2 4.0 33.1 34.2   B i(III) 9 6.56  
5.19  1.3     C a(II) 12   
14.2  3.9  7 .7  10.3 12 .0  C d (II) 33.7 3  
2 3.2  5.7      C e (III) 43.08   
50.4 14.9  2 7 .9     C e (IV ) 9 9 .42   
14.2  4.3 8 ; 4 9 .7  10.2   C o(II) 37 .2 2   
44.5 13.52      C o(III) 100.62   
30.0 10.2  18 .3    C r(III) 8 3.01  
14.7       C u (I) 56.7 1  
19 .32  6.3 10.7  14.2  16.4  C u (II) 49 .62   
2 6.3 6 .1 11.63 16.59  2 0.7   E u (III) 46.4  
15.10 4.5 7 .4 10.0 9 .60  F e (II) 34.9 9   
38 .8  11.8  2 2 .3 30.0 34.4  F e (III) 8 6.8 3  
37 .0 11.4 2 2 .1 31.7  39 .4  G a(III) 9 6.04  
 9 .7 1    [ 15] G aO(I)   
54.8  13.7  2 5.6 36.0 45.3  Hf (IV ) 105.68   
2 5.4 10.6 2 1.8  2 0.9    Hg(II) 7 3.61  
2 3.7  8 .7      Hg2    
35.9  10.0 2 0.2  2 9 .6 33.9   In (II) 7 6.8 8   
 -0.5     K(I) 1.58   
2 2 .7  5.5 10.0 15.0 18 .0 [ 15] L a(III) 42 .2 9   
 0.36     L i(I) 5.48   
10.7 4 2 .6     M g(II) 19 .43  
12 .8  3.4 5.8  7 .2  7 .7   M n (II) 2 7 .32   
 13.5 2 6.5 38 .7    M oO2 (II)   
 -0.2      N a(I) 3.06  
14.5 4.6     N i(II) 38 .02   
53.0 13.2  2 5.2  36.4 46.1 [ 15] N p(IV ) 9 9 .42   
8 .68  3.3 5.58    [ 18 ] N pO2 (I)   
2 2 .7  9 .1 17 .8  2 3.0 2 1.37  [ 9 ] N pO2 (II)   
      Pa(V ) 17 1.06  
53.4 14.8  2 8 .0 40.5 51.4  Pa(IV ) 106.06  
16.0 8 .0 2 1.0    PaO2    
16.1 6.3 10.9  13.9  14.8  [ 15] Pb (II) 48 .65  
64.0      Pb (IV ) 163.9 2   
31.0 13.0 2 5.8  35.4 42 .2   Pd (II) 9 4.13  
2 6.5 7 .2      Pu (III) 50  
58 .0 13.5 2 5.7  36.7  46.5 [ 30] Pu (IV ) 100.9   
8 .6 4.3 9 .0    Pu O2 (I)   
2 2 .7  8 .5 17 .0 2 5.0 2 9 .0  Pu O2 (II)   
41.4      S b (III) 105.1  
32 .7  9 .7  18 .3 2 5.9  30.0  S c(III) 7 4.05  
2 6.2  10.6 2 0.9  2 5.4   S n (II) 8 1.31  
56.0 13.51 2 8 .19  42 .8 8  58 .03 [ 15] S n (IV ) 109 .16  
4.0 0.8      S r(II) 10.61  
54.2  14.05 2 7 .41 38 .2 2  47 .34  Th (IV ) 9 0.32   
35.0 11.8      Ti(III) 8 6.8 3  
58 .3 18 .3 34.9  47 .7  58 .7   Ti(IV ) 139 .8 1  
2 9 .0 13.7      TiO(II)   
45.2  13.4 2 6.4 38 .7  41.0  Tl (III) 9 8 .7 4  
53.9  13.46 2 5.4 36.2  45.7  [ 31] U (IV ) 9 6.6  
2 2 .4 8 .8  17 .7  2 1.8  2 3; 0 [ 2 3] U O2 (II)   
34.3 11.7      V (III) 8 6.8 3  
2 3.5 8 .33 18 .31    V O(II)   
13.34 10.7  2 0.7  2 6.1 2 5.7   V O2 (I)   
 12 .5 2 5.5 38 .0   WO2 (II)   
2 3.2  6.3 11.6 16.0   Y (III)   
15.7  5.0 11.1 13.6 14.8   Zn (II) 37 .2 2   
54.1 14.3 2 6.3 37 .0 46.0  Zr(IV ) 104.03  
48 .2       ZrO   






T ab le 2 :  O u r  p r ed i c ti o n s  f o r  th e h y d r o ly s i s  an d  s o lu b i li ty  c o n s tan ts  o f  P a( I V ) .  
  
Br o w n -
W a n n e r  
 
 
l o gK S v s . l o g βi. 
 
l o gK S / z  v s . l o g βi. 
 
H SE  
 
E x p e r i m e n t a l  
-l o gK S 45 ±  8  5 3 .4  46 ±  6 5 3 .4  58 .8  ± 4.8  52 .9  53.4 
L o gβ1 14.1 ±  1.5 17 .1 ± 1.9  14 .8  12 .5 ± 1.5 14 .8  14.1 14.8  
L o gβ2 2 7 .5 ±  1.5 32 .5 ± 2 .5 2 7 .5 ± 2 .5 2 4 ±  2 .5 2 7  ±  3 2 5.9  2 8 .0 
L o gβ3 39  ±  3 44 ±  3 37 .5 ±  3 34 ±  3.5 38  ±  3.5 37 .3 40.5 
L o gβ4 48  ±  3 52 .5 ±  5 45 ±  5 39  ±  6 45 ±  6 47 .9  51.4 
 
th e d ata i n i ti ally  c h o s en  f o r  es ti m ates  i n  a g i v en  c o lu m n  b ei n g  i n  b o ld  
 
T ab le 3  :  P r ed i c ted  h y d r o ly s i s  an d  s o lu b i li ty  c o n s tan ts  o f  P a( V ) . ( T h e d es i g n ati o n  βi  
m ean s  i -s tep  o f  c o m p lex ati o n  s tar ti n g  f r o m  s p ec i es  g i v en  i n  th e f i r s t c o lu m n ) . 
 
St a r t i n g 
s p e c i e s  
 
l o g β1 
 
l o gβ2 
 
l o gβ3 
 
l o gβ4 
 
-l o g K S 
 
M e t h o d  
P a O 2+ 9 .6 18 .6 2 3.4 2 3.0 12 .0 HS E  
P a O 2+ 10.0 19 .1 2 5  16*  C S C  
P a O 3+ 10.4 19 .7  2 7  34.5 34*  C S C  
*  ex p er i m en tal d ata 
 
 
T ab le 4  :  C o m p ar i s o n  o f  s o lu b i li ty  p r o d u c ts  p r ed i c ted  o r  m eas u r ed  f o r  A n ( I V ) .  
 
E l e m e n t  E x p e r i m e n t a l  
 
(Ta b l e  1)  
Br o w n -
W a n n e r  
[ 13 ]  
N e c k  
 
[ 11]  
Al l a r d -
K i p a t s i -
L i l j e n z i n  [ 9 ]  
Ca l c u l a t i o n s  b y  
H SE  m e t h o d  
(p r e s e n t  w o r k )  
P u  58 .0 50.6 58 .7  55.2  54.1 
N p  53.0 49 .6 56.4 53.2  53.8  
U 53.9  48 .6 55.0 54.0 53.3 
Th  54.2  47 .3 52 .3 - 52 .0 
P a  53.4 48 .2  - - 52 .9  
 
 
